We discuss the Electromagnetically Induced Transparency (EIT) in lambda, vee and cascade systems where the Hamiltonian and the Lindblad term of each configuration are expressed in the SU (3) representation. At steady state, the Optical Bloch Equations of each configuration are solved to obtain the dispersion and absorption profiles of the probe field as the function of the detuning frequency. The group velocities of the probe field for different systems are compared and for the vee configuration it is found to possess lowest value. When the EIT condition is achieved at resonance, then the study of the population oscillation for the lambda and cascade systems shows that the entire population is trapped into the lowermost level leaving other two levels almost empty. This is in sharp contrast to the vee system where the trapping occurs in the middle and the upper levels of the system indicating that the vee system has two dark states contrary to single dark state of the lambda and cascade configurations.
INTRODUCTION
The passage of light through medium, in general, is governed by the physical properties of the bulk material such as, absorption, refractive index, conductivity etc. In this perspective, the quantum coherence and interference play crucial role because of its capability to modify the optical properties of medium by a number effects such as coherent population trapping (CPT) [1, 2] , lasing without inversion [3, 4] , Electromagnetically Induced Transparency (EIT) [5] [6] [7] [8] [9] [10] , high refractive index without absorption (LWI) [11, 12] , giant Kerr effect [13] etc. Out of them, the Electromagnetically Induced Transparency is possibly the most successful coherent optical phenomenon by which the transparency of a medium can be maneuvered by the simultaneous application of two successive laser sources while satisfying some delicate conditions of the quantum interference [6, 9, 14] . Since its discovery in 1989 [15] , followed by the experimental observation in 1990 [5] , the study of EIT has become a promising area of research because of its amazing ability of taming the speed of light pulse particularly at the BEC temperature [16, 17] . Such aspect has wide prospect of application in micro-switching, storing and processing of optical information in a micron-size cavity and also to develop coherent quantum control devices [18] [19] [20] .
The manipulation of the optical property of the medium by EIT requires a clear understanding of the level structure of atoms with which the medium is composed of.In a nutshell, this phenomenon can be illustrated as follows: Two beams of coherent light, one with strong driving capability (called pump or driving field) in comparison to weaker one (called probe field), are allowed to incident on a medium which consists of three-level system. At resonance, because of the intricate role of quantum coherence at the resonant pump-probe combination, the medium which is initially opaque to the probe field, becomes almost transparent. Theoretically speaking, at the steady state, the three-level system with a dissipating term gives the refractive index to be unity at the resonant probe pulse, while the corresponding coefficient of absorption drops down to zero by opening a narrow transparency window called Autler-Towns splitting. Furthermore, the steeper and positive slope of the refractive index curve leads to the significant reduction of the group velocity of light which is called 'stopping of light' [16, 17, 21] . In the dressed atom formalism, the physics behind the transparency is explained by the trapping of all atoms into the so-called dark state -the state which is completely uncoupled from other states and therefore forbids the absorption [22] .
It is now widely accepted that the three-level systems which exhibits this intriguing optical property can be classified as lambda, vee and cascade type of systems and they are intrinsically different from one another [23] . In literature, the theoretical study of the EIT phenomenon is extensively made primarily with the lambda system in comparison to its other two counterparts [24] [25] [26] .There we have noted several contradictory remarks. For example, Ref. [9, 25] argue that the EIT can be observed in cascade system which contravenes with remarks of Ref. [10] that advocates the nonobservance of EIT for the cascade and vee systems because of the absence of the meta-stable dark state. Recently, the possibility of distinct coherent process for the vee system contrast to the lambda system is hinted in some studies [26] . These conflicting comments on different models is possibly due to the inconspicuous and incomplete presentation of the EIT which lacks rigorous mathematical treatment of all models of three-level systems in equal footing.The purpose of the present work is to fill up this gap and make a systematic scrutiny of all three configurations of three-level systems which exhibit EIT and then to look for possible the physical mechanism which may be different for different configurations.
In a recent study based on the SU(3) representation we have developed the lambda, vee and cascade systems and have exactly solved them both for the semiclassical and the quantized cases [23] . These models form the basis of developing the theoretical treatment of EIT presented here. In EIT, the introduction of damping is most crucial and in our present models we have introduced it within the Lindlad framework using the shift operators of the SU(3) representation rather than invoking them phenomenologically. To understand the level in which the atoms are being trapped, we have studied the population oscillation of each model as the function of probe field detuning frequency. Our studies reveals following results: At resonance, when the EIT occurs in the lambda and cascade systems, all the atoms are being accumulated in the dark state of the effective system which is in fact the lowest energy state of the dressed state system. This is in sharp contrast to the EIT exhibited by the vee configuration where the trapping is occurred into two dark states.
The remainder of the paper is organized as follows: In Section 2 we introduce the master equation of the lambda, vee and cascade systems where both the Hamiltonians and the Lindblad terms are written using the shift operators of the SU(3) representation.The requisite theory is also outlined to find the dispersion and absorption profiles of the probe for the cascade system, respectively. Here, T a , V a , U a (a = +, −, 3) be the shift operators of SU(3) representation [27] , g ij (i, j = 1, 2, 3) be the coupling parameters and ω ij be the frequencies of the applied bi-chromatic laser fields, respectively. The SU(3) Lindblad terms of three configurations appearing in Eq.(1) are given by,
for the lambda system,
for the vee system, and
for the cascade systems, respectively. It is evident from Fig.1 that for the lambda system, the spontaneous decay from lower to higher level ( i.e., 1 to 3 and 2 to 3) is not permitted and therefore, Γ 
respectively, where N 0 be the number of three-level configuration in the sample, µ ij be the dipole moment of i ↔ j transition and ǫ 0 be the permittivity of free space, respectively. In
Eqs. (5) and (6), the Gellmann matrix λ a is judiciously chosen so that it projects requisite c/n g , where the group refractive index for the probe field of frequency ω ij is given by,
where in the last line line Eq. (5) Furthermore, recalling that the second term in Eq. (7) vanishes at resonance and the group velocity is simplified to,
The positive and steep slope of the dispersion curve near resonance ensures the significant reduction of the group velocity. In the subsequent Sections we proceed to solve the master equations with the aforesaid SU(3) Lindblad terms to find steady state density matrix of all three configurations and explore the EIT effect and its associated phenomena, e.g., the group velocity reduction, coherent trapping, dark state etc. 
III. EIT IN THREE-LEVEL SYSTEMS
Using the detuning conditions to be, ∆ Λ 23 = ω 1 + 2ω 2 − ω 23 and ∆ Λ 13 = 2ω 1 + ω 2 − ω 13 , respectively, we obtain the following OBE (here we drop the tilde sign),
Finally, taking the pump detuning to be vanishing, i.e., ∆ 
where the numerator and the denominators are given in Appendix. The steady state density matrix ρ Λ s can be now used to calculate the refractive index, coefficient of absorption and the group velocity of the lambda system from Eqs. (5), (6) and (8),
respectively. We note that λ 4 and λ 5 appearing in Eqs. (12) has allowed the 1 ↔ 3 dipole transition appeared in the dispersion and absorption profiles of the probe field.
B. Vee system
To obtain the Optical Bloch Equation for the vee system we consider the following substitutions,
Using the detuning conditions, ∆
, we obtain the following OBE,
Once again, taking the pump detuning to be ∆ 
where the numerators and the denominators of the vee system are presented in Appendix.
Similar to the previous case, at the steady state, the refractive index, coefficient of absorption and the group velocity of the vee system can be easily calculated,
We note that for the vee system, similar to the lambda configuration, the 1 ↔ 3 dipole transitions corresponds to the probe field.
C. Cascade system
Proceeding in the similar way for the cascade system we make the following substitutions, 
Taking the detuning conditions to be, ∆ 
where the elements of the cascade system are given in Appendix. The steady state density matrix gives the refractive index, coefficient of absorption and the group velocity of the cascade system,
respectively. We note that, unlike the lambda and vee systems, λ 6 and λ 7 matrices appearing in the refraction and absorption profiles of the probe field in Eq. (20) corresponds to the 1 ↔ 2 dipole transition.
Having developing the basic tenets of the EIT theory, we now proceed for the numerical results to illustrate its physical content.
IV. NUMERICAL RESULTS
We now proceed to illustrate and compare the EIT exhibited by the lambda, vee and cascade configurations with a special emphasize on a succinct but concomitant phenomenon meter and the probe field frequency to be ω ij = 10 4 Sec −1 , respectively. Apart from them, without loss of generality, throughout the treatment the detuning value of the pump laser field may be set to zero.
For the lambda system we choose the Rabi frequency parameters to be, g 13 = .001 with detuning of the probe field are shown in Fig.2 . We note that, the condition g 23 >> g 13 and Γ 32 >> Γ 31 are the necessary criteria to have the correct dispersion and dissipation profiles. It is evident from the group velocity plot that, the steep value of the dispersion profile in vicinity of the resonance reduces the group velocity to v g ≈20 cm Sec −1 . To understand the population dynamics of the lambda system, Fig.3 illustrates the plot the population of its three levels with the detuning frequency of the probe field from Eqs.(11a).
From these plots it is evident that at resonance (∆ Λ 31 = 0), the population of the atoms is being trapped in the lowest level keeping the population of the other two levels virtually uninhabited. This means that in the dressed atom scenario, the lowest state of the lambda system is the dark state and this result was pointed out by many authors [9, 10, 14] .
The dispersion and dissipation profiles and the group velocity of the probe field for the vee system are depicted in Fig.4 with, and Γ 21 >> Γ 31 are being satisfied to get the desired profiles. However, contrast to other two configurations, there is a fundamental difference appears in the population dynamics of the vee system. Here we note that when EIT occurs at probe field resonance, the atomic population shown in Fig. 5 is trapped in the upper and middle levels leaving the population of the lower level almost vanishing. Putting in the other way, for the vee system, the middle and the upper levels are two dark states unlike other systems.
Finally the variation of the refractive index, coefficient of absorption and the group velocity of the cascade system are depicted in Fig.6 with g 12 = . 001 Sec −1 , g 23 = .
9 Sec −1 , is similar to the lambda system, but the decay constants obey a softer inequality, namely, Γ 32 > Γ 21 to get requisite profiles. We also note from the population plot shown in Fig. 7 that, similar to the lambda system, all population is accumulated into the lower level making it a dark state, while the middle and upper levels are almost empty. 
V. CONCLUSIONS
This paper reports the comparison of the Electromagnetically Induced Transparency exhibited by the lambda, vee and cascade configurations which are intrinsically different from one another [23] . Therefore, the phenomenon of EIT is expected to be different for three configurations. The Optical Bloch Equation (OBE) for each system is solved to find the steady state density matrix of the desired system to obtain the dispersion and absorption profiles along with the group velocity of resonant probe field. The pump and the probe fields of the lambda and vee systems corresponds to the dipole transitions, 2 ↔ 3 and 1 ↔ 3, respectively, while for the cascade system they corresponds to the dipole transitions, 2 ↔ 3 and 1 ↔ 2 transitions, respectively. Although three configurations seem to behave in a similar way in respect of exhibiting EIT, but the analysis of the population curves of each system shows that the vee system is dramatically distinct from that of the lambda and cascade systems. When the EIT conditions are satisfied, the whole population in the lambda and cascade systems are found to be trapped in the lowermost level leaving other two levels vacant. On the other hand for the vee system the population is distributed in the middle and the upper levels keeping the lower level almost empty. Thus we have the lowest state as the dark state for the lambda and cascade systems and the upper and the middle states as the two dark states for the vee system. It is also worth mentioning here that, the comparison of the group velocities of three systems show that the vee system is the most efficient system than other two systems which can produce lowest group velocity.
We expect that shelving the population in two different atomic levels in the vee system may find a place in the application of EIT in designing the optically controlled switching system in future experiment. 
